Introduction {#S1}
============

Rhabdomyosarcoma (RMS) is a type of soft tissue sarcoma of mesenchymal origin that primarily arises in patients less than 10 years of age. Histologically, RMS is classified into three main subtypes: embryonal (eRMS), alveolar (aRMS), and anaplastic. Of these, embryonal and alveolar tumors constitute the majority of cases and often present as high-grade metastatic disease with poorer prognoses. At the molecular level, aRMS tumors are frequently characterized by chromosomal rearrangements resulting in fusion proteins PAX3-FOXO1 (55%--75% aRMS) or PAX7-FOXO1 (10%--22% aRMS). eRMS and translocation-negative aRMS possess lesions in pathways such as MYCN (amplification), insulin receptor, NFκB, RAS, and Sonic Hedgehog ([@R1]--[@R7]). Several models of RMS have been developed that underscore its genetic heterogeneity and developmental plasticity ([@R6]--[@R15]). However, these only account for genetic aberrations observed in a small percentage of patients. For instance, *PAX-FOXO1* translocation-based models represent only the aRMS subtype while those bearing perturbations in molecular pathways such as p53, IGF2, MYCN or RAS individually represent \< 35% of cases ([@R16]). Hence, there remains the need for an *in vivo* platform to model molecular lesions that are more pervasive across RMS subtypes.

Murine Double Minute 2 (MDM2) is an E3 ubiquitin ligase that binds and targets the tumor suppressor p53 for proteasome-mediated degradation ([@R17]--[@R21]). Additionally, MDM2 inhibits p53's transcriptional activity ([@R22]--[@R25]). Amplification or overexpression of MDM2 is oncogenic and a hallmark of several tumor types, most commonly soft tissue sarcomas ([@R26]). Alternative transcripts of *MDM2* have been observed in RMS, breast, ovarian, lymphoma, and bladder cancers ([@R27]--[@R38]). *MDM2-ALT1*, an isoform typically induced in response to genotoxic stress, is incapable of binding and inactivating p53 and modulates the p53 pathway to sustain a fine-tuned stress response ([@R39]--[@R42]). However, several *in vitro* and *in vivo* studies have described transformative properties for MDM2-ALT1 ([@R28], [@R29], [@R33], [@R40]--[@R45]). Recently, we demonstrated that *MDM2-ALT1* is constitutively expressed in 85% aRMS and 70% eRMS tumors ([@R33]). Moreover, *MDM2-ALT1* strongly correlated with high-grade metastatic disease in both major subtypes ([@R8], [@R42]), independent of *p53* mutations or *PAX-FOXO1* fusion status making this to date the most common biomarker characterized, irrespective of RMS histology.

To ascertain whether MDM2-ALT1 contributes to rhabdomyosarcomagenesis, we generated a mouse model that expresses MDM2-ALT1 in a Cre recombinase-dependent (Cre) manner. Using this model, we report that ubiquitous MDM2-ALT1 expression is capable of accelerating tumorigenesis and is sufficient to drive RMS formation in p53 heterozygous and null mice. We attribute these effects to direct emergence of its tumorigenic functions in the absence of p53. However, when expressed in B cells in a wild-type p53 background we observed that MDM2-ALT1-associated tumorigenesis manifests at later stages of life. Together, our model has enabled us to dissect distinct facets of MDM2-ALT1-mediated tumorigenesis and elucidate its dual functionality as an oncogene and a tumor suppressor. Importantly, we demonstrate that MDM2-ALT1 can direct RMS tumor formation recapitulating many of the histological and immunohistochemical features of fusion-negative RMS.

Results {#S2}
=======

Generation of a transgenic mouse model for Cre-dependent MDM2-ALT1 expression {#S3}
-----------------------------------------------------------------------------

To characterize its role in tumor progression we developed a mouse model of Cre-dependent MDM2-ALT1 expression. We generated a construct that expresses MDM2-ALT1 upon Cre-mediated excision of an upstream β-geo cassette and three polyA signals ([Figure 1A and 1B](#F1){ref-type="fig"}), confirmed by recombination in *Escherichia coli* ([Figure S1](#SD1){ref-type="supplementary-material"}) ([@R46]). This construct was electroporated into embryonic stem (ES) cells followed by selection for neomycin resistance. β-geo cassette expression was confirmed by β-gal staining ([Figure 1C](#F1){ref-type="fig"}). Individual clones were screened by Southern hybridization for single insertion sites as indicated by a single band following hybridization of EcoRV-digested genomic DNA with a transgene-specific probe ([Figure 1D](#F1){ref-type="fig"}). ES cell clones 2C12 and 1C8 ([Figure 1E](#F1){ref-type="fig"}) were selected and mouse lines were generated using blastocyst injection. Once germline transmission was confirmed ([Figure 1F](#F1){ref-type="fig"}) the chimeric mice were backcrossed into a C57BL/6 background to generate MDM2-ALT1 transgenic animals.

MDM2-ALT1 is capable of accelerating tumorigenesis and favors the development of RMS in p53 null mice {#S4}
-----------------------------------------------------------------------------------------------------

Given the conflicting evidence of MDM2-ALT1's function as both a tumor suppressor and a potential oncogene, we hypothesized that an inactivating mutation in a critical tumor suppressor pathway would be necessary to observe its oncogenic role. Therefore, we generated tumor cohorts that ubiquitously express MDM2-ALT1 on a p53 null background using the early-embryonic driver Sox2-Cre. Our preliminary tumor cohorts comprised both 1C8 and 2C12 animals. Both lines expressed *MDM2-ALT1* in tissues analyzed ([Figures 2](#F2){ref-type="fig"}, and [S2](#SD1){ref-type="supplementary-material"}). Experimental (*MDM2-ALT1*^+/−^; *Sox2-Cre*^+/−^; *p53*^−/−^) mice in both 1C8 and 2C12 cohorts predominantly developed spindle cell sarcomas like rhabdomyosarcomas and osteosarcomas ([Figures 2B](#F2){ref-type="fig"} and [S3A](#SD1){ref-type="supplementary-material"}). The control (*MDM2-ALT1*^−/−^; *Sox2-Cre*^+/−^; *p53*^−/−^) animals from either line did not develop these tumor types. In these initial tumor cohorts with limited mouse numbers, neither the 1C8 nor the 2C12-derived animals displayed altered life expectancy between control and experimental groups ([Figure S3B](#SD1){ref-type="supplementary-material"} and data not shown). For this reason, we chose to further characterize one line to investigate MDM2-ALT1 mediated tumorigenesis. We expanded the 2C12 line because of its robust transgene expression and fecundity.

In a larger cohort of age-matched control and experimental 2C12 mice, we observed that MDM2-ALT1 expression significantly accelerated tumor onset in the p53 null background and decreased median survival from 193 days (control *n* = 15) to 147 days (experimental *n* = 21) ([Figure 2C](#F2){ref-type="fig"}; [Table S1](#SD1){ref-type="supplementary-material"}), but exhibited no differences in weight or muscle size between control and experimental animals (data not shown). Both control and experimental animals developed lymphoblastic T cell lymphomas ([Figure 2B](#F2){ref-type="fig"}), characteristic of p53 null mice ([@R47]). However, MDM2-ALT1 induced the tumor spectrum of the p53 null mice to shift toward spindle cell sarcomas in the form of RMS (from 0% of controls to 42% of experimental mice; [Figure 2B](#F2){ref-type="fig"}). We also confirmed expression of *MDM2-ALT1* transcripts in five representative tumors from the transgene-positive mice ([Figure S2C](#SD1){ref-type="supplementary-material"}). At the protein level, three RMS tumors from the experimental mice showed detectable MDM2-ALT1 expression ([Figure 2D](#F2){ref-type="fig"}). We did not detect expression in the teratoma and this tumor is unlikely to be MDM2-ALT1 driven but more likely a result of p53 loss as teratomas have been previoiusly observed in mice with a p53 null genotype ([@R48]). We also were not able to detect MDM2-ALT1 protein expression in the normal tissues of the mice that developed RMS ([Figure S4](#SD1){ref-type="supplementary-material"}). The malignancies were diagnosed by their strong immunoreactivity for CD3 (lymphomas, [Figure 3A](#F3){ref-type="fig"}), or by staining for skeletal muscle lineage markers desmin, myogenin, and alpha-smooth muscle actin (RMS; [Figure 3B](#F3){ref-type="fig"}) ([@R49]--[@R51]).

To confirm that these phenotypes were attributable to MDM2-ALT1, we generated an additional control without Cre alleles (*2C12-MDM2-ALT1*^+/−^; *Sox2-Cre*^−/−^; *p53*^−/−^ *n* = 8). These mice showed no change in survival compared to controls expressing Cre without the MDM2-ALT1 transgene (*MDM2-ALT1*^−/−^; *Sox2-Cre*^+/−^; *p53*^−/−^ *n* = 15) (*p* = 0.2735, data not shown). This finding argues against a transgene insertion site effect in the phenotypes we observe in our transgenic mice. To further rule out integration site effects we performed Targeted Locus Amplification (TLA) sequencing to precisely map the insertion locus of our mice ([Figure S5 and S6](#SD1){ref-type="supplementary-material"}) ([@R52]). In the 1C8 founder line the transgene integrated into a centromeric region of chromosome 18. For the 2C12 founder line, the transgene integrated into the coding region of *Sbno1* on chromosome 5, which resulted in a deletion of \~3 kb of *Sbno1.* Expression of *Sbno1* transcript and protein is reduced by approximately half in *2C12-MDM2-AT1^+/−^* mice compared to control cohorts ([Figure S7](#SD1){ref-type="supplementary-material"}). *Sbno1* has been shown to play a role in brain and central nervous system (CNS) development ([@R53], [@R54]). Interestingly, *Sbno1* has also been indicated to have a higher mutational frequency in breast and lung cancers and is suggested to be a potential oncogene ([@R55], [@R56]). However, deletion of a single copy of *Sbno1* does not give rise to CNS defects or breast or lung cancer in our 2C12 mice. Importantly, we do not see evidence of novel *Sbno1* isoforms being expressed because of the transgene integration event as evidenced by western blot, and expression of genes surrounding *Sbno1* was not affected ([Figures S7 and S8](#SD1){ref-type="supplementary-material"}). These results indicate that MDM2-ALT1 expression not only exacerbates tumorigenesis but also promotes spindle cell sarcoma formation in the absence of a functional p53 pathway, and this effect is not likely related to disruption of the *Sbno1* gene.

MDM2-ALT1 expression induces expression of phospho-Ser394 MDM2 {#S5}
--------------------------------------------------------------

To explore the mechanisms driving tumorigenesis in our MDM2-ALT1-expressing p53 null mice we examined a subset of tumors from control (*n* = 3) and experimental (*n* = 4) animals for differences in common tumor suppressor and oncogenic pathways often deregulated in cancers. Importantly, we selected pathways that converge with the MDM2 regulatory network regardless of p53 status and queried whether some of these are perturbed in these tumors ([Figure 4A](#F4){ref-type="fig"}). We chose this approach because MDM2-ALT1 is known to modulate full-length MDM2, and direct its function and localization ([@R40], [@R42], [@R43]). To examine if any observed changes are truly independent of p53 status, we also overexpressed MDM2-ALT1 in cell lines with wild-type p53 ([Figure 4B](#F4){ref-type="fig"}). When we examined expression of the candidate factors including Slug ([@R57]), XIAP ([@R58]) and signaling pathways such as PI3K ([@R59]) (pAkt, Akt and Pten panels) and NFκB ([@R60]) (Rela panel), we did not observe MDM2-ALT1-specific differences in tumors from p53 null mice or in the transfected cell lines ([Figure 4](#F4){ref-type="fig"}).

Full-length Mdm2 was expressed to similar levels in control and experimental tumors ([Figure 2D](#F2){ref-type="fig"}). Interestingly, all three MDM2-ALT1-positive RMS tumors showed increased phosphorylation of Mdm2 at Ser394, an Atm kinase target site critical for regulating p53-mediated stress response ([Figure 4A](#F4){ref-type="fig"}, pMdm2 panel) ([@R61]--[@R63]). Additionally, all cell lines transiently transfected with MDM2-ALT1 ([Figure 4B](#F4){ref-type="fig"}) showed increased phosphoMDM2 Ser394 levels (S395 in humans), indicating a p53-independent response to MDM2-ALT1 expression. However, when queried for any correlation between Atm activation and MDM2-ALT1 expression we did not see any difference in levels of phospho-Atm (S1981), the kinase active form (data not shown).

MDM2-ALT1 expression with heterozygous p53 exacerbates tumorigenesis {#S6}
--------------------------------------------------------------------

In the absence of functional p53 we observed that MDM2-ALT1 directly contributed to tumorigenesis. However, the consequences of constitutive MDM2-ALT1 expression in the context of wild-type p53 remain unclear. This is because of its conflicting role as an upregulator of p53 and the observation that *MDM2-ALT1* does not correlate with p53 mutations in patients ([@R32], [@R33], [@R39], [@R41], [@R42], [@R64]). To examine whether or not MDM2-ALT1-mediated oncogenesis required loss of p53, we expressed MDM2-ALT1 in the context of mice expressing one functional *p53* allele. p53 heterozygous mice are haploinsufficient ([@R65]) and are prone to tumorigenesis with median onset around nine months ([@R66]). Expression of MDM2-ALT1 did not alter the life expectancy of the experimental (*2C12-MDM2-ALT1*^+/−^; *Sox2-Cre*^+/−^; *p53*^+/−^, *n* = 14) animals compared to controls (*MDM2-ALT1*^−/−^; *Sox2-Cre*^+/−^; *p53*^+/−^, *n* = 11) ([Figure 5A](#F5){ref-type="fig"}). However, the experimental mice showed a change in the tumor spectrum with increased incidence of RMS correlating with MDM2-ALT1 expression in a manner similar to the p53 null cohort ([Figure 5B](#F5){ref-type="fig"}). Furthermore, the MDM2-ALT1-positive RMS tumors from the p53 heterozygous cohort exclusively showed upregulation of pMdm2 S394 compared to other tumors and corresponding normal tissue ([Figure 5C](#F5){ref-type="fig"}). When we sequenced the hotspot regions of the wild-type *p53* allele (exons 5 to 9) in these tumors (*n* = 4) ([@R67]), we observed no mutations indicating that MDM2-ALT1 induced tumorigenesis did not result from direct inactivation of the remaining *p53* allele.

MDM2-ALT1 expression with wild-type p53 exacerbates tumorigenesis in aged mice and demonstrates defects in cell cycle progression prior to tumor onset {#S7}
------------------------------------------------------------------------------------------------------------------------------------------------------

To appraise the effects of MDM2-ALT1 in mice with fully functional p53, we expressed MDM2-ALT1 in B cells where any p53-associated cell death or apoptosis will not have overt systemic effects such as embryonic lethality ([@R44]) or major organ failure. Importantly, MDM2-ALT1 expression has been observed in lymphomas and Mdm2-b increases the incidence of B cell lymphomas, underscoring the relevance of the system ([@R29], [@R44], [@R45], [@R68]). We crossed the MDM2-ALT1 transgenics with mice expressing Cre under the control of B cell-specific *CD19* promoter and generated tumor cohorts of experimental (*2C12-MDM2-ALT1^+/−^; CD19-Cre^+/−^; p53^+/+^*) and control mice (*MDM2-ALT1^−/−^; CD19-Cre^+/−^; p53^+/+^*). We confirmed B cell-specific *MDM2-ALT1* expression in the spleens of experimental animals ([Figure 6A](#F6){ref-type="fig"}). We monitored control and experimental mice until they developed masses that met endpoint criteria for a maximum of 2 years and 21 days. When MDM2-ALT1 was limited to B cells, we did not observe significant differences in life expectancy or changes in tumor spectrum between control (*n* = 15) and experimental (*n* = 18) mice ([Figure 6B](#F6){ref-type="fig"}, and data not shown). We determined *p53* status by sequencing cDNA from spleens of four experimental and four control animals for *p53* mutation hotspot regions (exons 5 to 9) ([@R67]). All samples examined were wild-type for *p53* at this locus enabling us to estimate that overt somatic *p53* mutations do not feature in our model (data not shown).

It is possible that with the endpoint analyses, phenotypic variations that arose earlier and were less penetrant were not detected. Hence, in subsequent experiments, we harvested cohorts of control and experimental mice before endpoint was reached (18--22 months) and performed complete necropsy and histopathological analyses (control: *MDM2-ALT1^−/−^; CD19-Cre^+/−^; p53^+/+^, n* = 41 and experimental: *2C12-MDM2-ALT1^+/−^; CD19-Cre^+/−^; p53^+/+^, n* = 34). Both experimental and control groups presented with age-associated disorders such as degenerative joint disease, atrophy, and incidental non-neoplastic lesions including fibro-osseous and vascular lesions. Additionally, both experimental and control animals developed non-lymphoid neoplasms common to aging C57BL/6 mice \[[Table S2](#SD1){ref-type="supplementary-material"} and ([@R69])\].

When we evaluated the occurrence of lymphoid neoplasms in these animals we observed that mice from both control and experimental groups developed lymphomas in the spleens and/or lymph nodes. We found at 18 months of age, experimental mice (56% - 19 of 34) showed significantly higher lymphoma incidence compared to controls (27% - 11 of 41) ([Figure 6C](#F6){ref-type="fig"}, [Table S2](#SD1){ref-type="supplementary-material"}). In our experimental mice, we observed significant disruption of the splenic architecture by a more atypical population of neoplastic lymphocytes in lymphomas when compared to those from the controls in four of five cases examined for hematoxylin and eosin (H&E), B220 (B cell), CD3 (T cell) and F4/80 (macrophage) staining ([Figure 6D](#F6){ref-type="fig"}). The low incidence of tumors in control mice is because lymphomas are commonly associated with aging C57BL/6 mice ([@R69]). These results indicate that constitutive MDM2-ALT1 expression in B cells contributed to increased lymphomagenesis in mice of advanced age.

MDM2-ALT1-positive mice show decreased B cell numbers {#S8}
-----------------------------------------------------

To examine the origin of the observed lymphoid neoplasms we used flow cytometry for B cell markers (CD19, B220, IgG and IgM) and T cell markers (CD3e and CD5) to immunophenotype the spleens and lymph nodes (axillary, inguinal, and mesenteric) of control (*MDM2-ALT1^−/−^; CD19-Cre^+/−^; p53^+/+^, n* = 18) and experimental (*2C12-MDM2-ALT1^+/−^; CD19-Cre^+/−^; p53^+/+^, n* = 15) animals. Concordant with the increased incidence of tumorigenesis, we expected that the spleens and lymph nodes of experimental mice would generally exhibit higher levels of B cell markers than controls. Surprisingly, we found that the experimental mice presented with a significantly lower population of cells expressing B cell markers compared to control animals, but exhibited no change in T cell markers ([Figure 7A](#F7){ref-type="fig"}). This indicates a B cell-specific decrease in cell number potentially due to cell cycle arrest or apoptosis. Hence, we hypothesized that MDM2-ALT1 first led to a widespread lowering of B cell populations in a p53-dependent manner, but eventually overcame such tumor-suppressive constraints and conferred a growth advantage that presented itself as the observed increase in lymphomagenesis.

To ascertain whether the decreased numbers were attributed to defective proliferation, we performed *ex vivo* immunogenic challenge assays on B cells obtained from the experimental (*2C12-MDM2-ALT1^+/−^; CD19-Cre^+/−^; p53^+/+^, n* = 4) and control (*MDM2-ALT1^−/−^; CD19-Cre^+/−^; p53^+/+^*, *n* = 5) animals at 4 months of age. Briefly, we isolated splenocytes from the two groups and cultured and stimulated them for 72 hours with lipopolysaccharides (LPS), CD40 ligand, or anti-IgM molecules. We observed that in comparison with a non-stimulated control, only the CD40 ligand stimulation induced proliferation ([Figure 7B](#F7){ref-type="fig"}). Importantly, cells from the MDM2-ALT1-positive experimental group showed significantly lowered proliferative response compared to those from the control animals. When we examined cell cycle progression of the B cells in four month old cohorts using propidium iodide staining, we observed a modest but statistically significant reduction in the percentage of cells in the G2/M phase in MDM2-ALT1 positive mice (*n* = 7) compared to controls (*n* = 6) ([Figure 7C](#F7){ref-type="fig"}). On the other hand, when we assessed apoptosis in B cells of these animals using Annexin V staining, we observed no significant differences between MDM2-ALT1-positive and control mice ([Figure S9A](#SD1){ref-type="supplementary-material"}). Additionally, we stained for apoptotic genes in splenocytes from mice 7 weeks of age but did not detect differences in expression levels between control (*MDM2-ALT1^−/−^; CD19-Cre^+/−^; p53^+/+^*, *n* = 3) and experimental (*2C12-MDM2-ALT1^+/−^; CD19-Cre^+/−^; p53^+/+^, n* = 4) animals ([Figure S9B and C](#SD1){ref-type="supplementary-material"}). However, at 20--24 months of age we detected significantly higher *Trp53* transcript levels in experimental (*2C12-MDM2-ALT1^+/−^; CD19-Cre^+/−^; p53^+/+^ n* = 7) mice compared to controls (*2C12-MDM2-ALT1^+/−^; CD19-Cre^−/−^; p53^+/+^ n* = 2 and *2C12-MDM2-ALT1^−/−^; CD19-Cre^+/−^; p53^+/+^ n* = 5) Upon further analysis of *p53* target genes that affect cell cycle, we did not detect any significant differences between the cohorts ([Figure S10](#SD1){ref-type="supplementary-material"}). Taken together, these results suggest that the lowered populations of B cells in the MDM2-ALT1 expressing mice arise from their impaired proliferative capacity along with discernible alterations in p53 levels, detectable at multiple stages during the lifespan of the animals. This aligns with our hypothesis that in the presence of wildtype p53, MDM2-ALT1 fosters incremental changes in p53 expression and possibly its activity that over time, lead toward selection for the observed tumorigenic phenotypes.

Discussion {#S9}
==========

*MDM2-ALT1* presents a conundrum because its ability to antagonize MDM2 and MDMX and stabilize p53 is directly at odds with its transformative properties. For instance, MDM2-ALT1 modifies the p53 pathway inducing p53-dependent G1/S phase cell cycle arrest when overexpressed ([@R29], [@R42]). Similarly, *in vivo* models that ubiquitously expressed Mdm2-b with intact p53 were unable to obtain transgenic animals presumably due to p53-associated embryonic lethality ([@R44]). In contrast, Mdm2-b expressed from a tissue-specific promoter increased tumor incidence ([@R44]). Likewise, *in vitro* ([@R28], [@R33], [@R44]) and adoptive transfer assays ([@R45]) demonstrated its tumorigenic properties. These conflicting attributes are only partially explained in the context of mutant p53 where MDM2-ALT1 exacerbates oncogenesis by stabilizing dominant-negative p53 ([@R43]). In fact, malignancies associated with *MDM2-ALT1* often lack p53 mutations ([@R33], [@R64], [@R70]) leaving unresolved, the nature of its tumorigenicity.

We developed a mouse model of Cre-dependent MDM2-ALT1 expression that enables tissue-specific assessment of its physiological activity. We show that in the absence of p53, MDM2-ALT1 significantly accelerates tumorigenesis in the 2C12 line. This is a powerful extension of previous *in vitro* experiments where MDM2-ALT1 has been shown to confer a growth advantage to p53 null cells ([@R28], [@R44]). Importantly, this underscores its distinct oncogenicity because full-length MDM2 and another cancer-associated splice variant Mdm2-a (human MDM2-ALT2) were unable to significantly alter tumor onset or survival in p53 null mice ([@R71], [@R72]), despite exhibiting growth-promoting properties *in vitro* ([@R28], [@R71]).

Importantly, we show that MDM2-ALT1, upon ubiquitous expression in a p53 null background, is sufficient to increase in spindle cell sarcomas, especially RMS, a malignancy strongly associated with MDM2-ALT1 expression ([@R28], [@R33], [@R36]). Similarly, when MDM2-ALT1 is expressed in a p53 heterozygous null background we demonstrated a shift in tumor spectrum from osteosarcoma \[a common neoplasm for *p53^+/−^* mice ([@R73])\] to RMS. Patient RMS tumors presenting with *MDM2-ALT1* typically retain the wild-type *p53* alleles and do not present with overt mutations ([@R33]). However, a recent meta-analysis demonstrated that p53 signaling was inactive in 85% of *PAX3-FOXO1* (*n* = 62) and 75% *PAX7-FOXO1* (*n* = 24) aRMS tumors ([@R74]). This indicates that despite a dearth of mutations in the *p53* gene, RMS tumors possess a defunct p53 pathway uncoupled via alternate means. Indeed, many genetic mouse models of RMS-associated lesions still require a mutation in the *CDKN2A* or *TRP53* locus to observe a fully penetrant tumor phenotype ([@R9], [@R10], [@R66], [@R74], [@R75]).

Since MDM2-ALT1 is sufficient to alter tumorigenesis in p53 null and heterozygous animals, this supports a p53-independent component in MDM2-ALT1-mediated transformation. To identify p53-independent mechanisms underlying MDM2-ALT1 expression we examined tumors from MDM2-ALT1-positive animals for perturbations in tumor suppressive and oncogenic pathways that are subject to MDM2-mediated regulation, irrespective of p53 status ([@R48], [@R58], [@R72], [@R76]--[@R87]). Strikingly, we observed an elevation in the phosphorylation of Mdm2 at Ser394/395 in association with MDM2-ALT1 expression in both p53-deficient RMS tumors (p53 heterozygous and p53 null) and cell lines with wild-type p53, indicating p53-independent induction. Phospho-Ser394 Mdm2 is stimulated upstream of p53 upon DNA damage and controls its levels during and after stress response by affecting MDM2 oligomerization and E3 ligase activity ([@R61]--[@R63], [@R88], [@R89]). Recent studies have indicated that this is a crucial means of modulating MDM2 function and its deregulation impacts oncogenesis ([@R63], [@R90]). Constitutive phospho-Ser394 Mdm2 expression can have several implications including: a) *MDM2-ALT1*, whose expression is physiologically induced only under genotoxic stress ([@R33], [@R39], [@R40]), mimics DNA-damage conditions upon ectopic overexpression triggering phospho-Ser394 Mdm2 ([@R41]--[@R43]), and/or b) oncogene-induced DNA replication stress ([@R91]--[@R93]). Because most cancers lack functional DNA repair pathways, their hyper-replicative state leads to widespread genomic instability often selecting for deletions or chromosomal rearrangements favorable for cancer promotion ([@R91]--[@R95]). This behavior has been reported for several oncogenes ([@R96]--[@R99]) including full-length MDM2 and MDMX ([@R84], [@R100], [@R101]). It is possible that similar mechanisms are involved in MDM2-ALT1-mediated transformation exacerbating the tumor sensitivity ordained by p53 loss. Finally, we have shown previously that *MDM2-ALT1*-positive patient RMS tumors constitutively exhibit several features of stress-response signaling ([@R33]). Stress-associated phospho-Ser394 Mdm2 in MDM2-ALT1 mouse tumors suggests that our RMS model recapitulates this aspect of human disease.

When MDM2-ALT1 is expressed in a wild-type p53 background, we show for the first time a concurrence of phenotypes demonstrative of both its tumor suppressive and oncogenic potential. MDM2-ALT1 expression increased lymphomagenesis at an advanced age (≥ 18 months), but also presented a concomitant decrease in splenic B cell populations. Additionally, MDM2-ALT1-expressing B cells did not proliferate as efficiently in response to antigenic stimulants as control cells and displayed cell cycle defects and increased p53 expression concordant with MDM2-ALT1's ability to induce p53-dependent cell cycle arrest *in vitro* ([Figure 7](#F7){ref-type="fig"} and [S10](#SD1){ref-type="supplementary-material"}). This finding is in accordance with our previous data wherein we demonstrate that exogenous *MDM2-ALT1* expression is sufficient to induce cell cycle arrest and upregulate p53 target genes involved in cell cycle control ([@R42]). We conclude that deficiencies in B cell proliferation coupled with altered *p53* expression contributed to the delayed manifestation of oncogenesis in MDM2-ALT1-positive mice ([@R44]) via oncogene-induced senescence, a state in which pre-cancerous cells with intact tumor suppressor pathways set up barriers to tumorigenesis via accumulation of DNA damage signals ([@R92], [@R93], [@R102]). Altogether, under wild-type p53 the anti-proliferative effects of MDM2-ALT1 will predominate and unlike the p53 null scenario, the tumor-promoting functions will not be immediately apparent. It is likely that a critical level of exposure to MDM2-ALT1 is required, exerting selective pressure to surmount or evade extant tumor-suppressive pathways. Finally, our results reflect previous studies showing late-onset tumorigenesis (80--100 weeks) or senescence in mice expressing mouse homologs of MDM2-ALT1 or MDM2-ALT2 in the presence of an intact p53 pathway ([@R44], [@R71]).

In summary, we show that MDM2-ALT1 promotes tumorigenesis. However, tumor patterns, time of onset, and mechanisms depend upon the nature of its interaction with the p53 tumor suppressor pathway. The preponderance of RMS tumors in our MDM2-ALT1-positive mice when *p53-*deficient, distinguishes it as a novel model for fusion-negative RMS. Moreover, it represents a critical tool to assess genetic interactions of MDM2-ALT1 with other RMS-associated lesions such as *PAX-FOXO1* (alveolar), ΔNp73 over-expression, *Arf* deletions and *Ras* mutations ([@R16], [@R33], [@R36], [@R75]). Importantly, our system presents an efficient platform for modeling various *MDM2-ALT1* associated malignancies to capture the intricacies of its functionality, which eventually will facilitate design and testing of novel therapeutic strategies.

Materials and Methods {#S10}
=====================

Generation of transgenic *MDM2-ALT1* lines {#S11}
------------------------------------------

All animal experiments were performed according to institute standards approved by the Institute Animal Care and Use Committee (IACUC) at The Research Institute at Nationwide Children's Hospital. The *MDM2-ALT1* transgene was generated by cloning the human cDNA sequence into the mammalian expression vector pCCALL2 ([@R46]). The pCCALL2-*MDM2-ALT1* construct was linearized with StuI, electroporated into ES cells, and screened for G418-resistant colonies and β-gal staining. Southern analysis of EcoRV-digested genomic DNA was conducted to determine ES cell lines with single insertion events. The 1C8 and 2C12 lines were used for blastocyst injection and chimeric mice were generated using standard transgenesis protocols. Following germline transmission, chimeric mice were crossed to C57BL/6 mice. To generate *MDM2-ALT1; CD19-Cre* cohorts, *MDM2-ALT1* mice were bred to *CD19-Cre* mice (B6N.129P2-*Cd19^tm1(cre)Cgn^*/J). To generate the MDM2-ALT1-p53 tumor cohorts with both male and female mice, the following strains were utilized: F3 *MDM2-ALT1,* Sox2-Cre (B6.Cg-Tg(Sox2-cre)1Amc/J; strain 008454), and p53 null mice (B6.129S2-*Trp53^tm1Tyj^*/J; strain 002101). Animals were genotyped using primers outlined in [Table S3](#SD1){ref-type="supplementary-material"}. For the *ex vivo* proliferation assay the F3 and F7 *MDM2-ALT1* animals were used. Since there were no treatment groups, animals were not randomized, but we were blinded during the analysis of phenotypes including tumor diagnosis and cell cycle studies. To map the transgene insertion site, TLA was performed by Cergentis (Utrecht, The Netherlands) with two transgene-specific primer pairs.

Cell culture, growth, and transfection {#S12}
--------------------------------------

Cell lines were obtained from ATCC and maintained in DMEM (MCF7, verified by STR analysis by Genetica DNA Laboratories) or RPMI (C2C12 and NIH 3T3) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific), L-glutamine, and penicillin/streptomycin (Corning). MCF7 cells were negative for mycoplasma contamination. For transfection of MDM2-ALT1 or LacZ overexpression plasmids, Lipofectamine 3000 (Thermo Fisher Scientific) was used according to manufacturer's protocol. Cells were harvested after 48 hours in RIPA buffer and proteins were separated by SDS-PAGE.

Reverse transcription and polymerase chain reaction (RT-PCR) {#S13}
------------------------------------------------------------

RNA isolation was performed using the RNeasy Mini Protocol (Qiagen). RNA with random hexamers was used to synthesize cDNA in reverse transcription reactions using the Transcriptor RT enzyme (Roche Diagnostics). *MDM2-ALT1* expression was validated using MDM2-ALT1 genotyping primers ([Table S3](#SD1){ref-type="supplementary-material"}). Controls lacking RT were used to rule out genomic DNA contamination. Quantitative RT-PCR (qRT-PCR) on transgenic tissues was performed with standard PCR conditions for 40 cycles using an Applied Biosystems 7900HT Fast Real Time PCR system (Life Technologies). To measure *Sbno1* expression and surrounding genes, transcript levels were quantified by qRT-PCR using primers outlined in [Table S3](#SD1){ref-type="supplementary-material"}. To investigate expression of cell cycle target genes RNA from mouse spleens was used in qRT-PCT experiments with the corresponding primers ([Table S3](#SD1){ref-type="supplementary-material"}).

Sequencing {#S14}
----------

Transgene sequences were verified from mouse gDNA using standard PCR protocol. Spleens from eight (*2C12-MDM2ALT1^+/−^; CD19-Cre^+/−^; p53^+/+^)* or four (*2C12-MDM2ALT1^+/−^; Sox2-Cre^+/−^; p53^+/−^)* mice were analyzed for *p53* mutations in exons 5--9 (see [Table S3](#SD1){ref-type="supplementary-material"} for sequencing primer details).

Pathological analysis of transgenic mice {#S15}
----------------------------------------

Mice were monitored for tumor development biweekly. Mice showing signs of pain or distress or with masses, abscesses and tumors in excess of 2.0 centimeters were humanely euthanized according to endpoint criteria. At 18--22 months, the mice from the *2C12-MDM2-ALT1; CD19-Cre; p53* cohort mice were euthanized, necropsied, and examined for lesions and tissue abnormalities. Mice from the *MDM2-ALT1; Sox2-Cre; p53 null* cohort were euthanized and necropsied when tumor burden endpoints were reached. Tissue specimens were fixed in 10% neutral buffered formalin, paraffin embedded, and sectioned, followed by hematoxylin and eosin staining, and other histochemical and immunohistochemical stains. Kaplan-Meier statistical analysis and graphic representation of results were performed using GraphPad Prism Software.

Immunoblotting and Immunohistochemistry {#S16}
---------------------------------------

Tissue was homogenized using a Tissumizer from Tekmar in RIPA buffer and equal amounts of protein were separated by SDS-PAGE. The following antibodies were used for protein detection: MDM2 clone 2A10 (kind gift from Dr. Arthur Levine); MDM2 (AF1244) from R&D Systems; Gapdh (14C10), Pten (138G6), pAkt S473 (D9E) from Cell Signaling; Rela (C-20), Xiap (E-2), Slug (A-7) from Santa Cruz Biotechnology; p19Arf from Abcam; pMDM2 S395 from Thermo Fisher; and β-Actin (AC-15) from Sigma. Tissue specimens were stained with the following antibodies: B220 from BD Pharmingen; CD3, Myogenin (F5D), and Smooth Muscle Actin (1A4) from Dako; and Desmin from Abcam.

Flow cytometry analyses and *ex vivo* proliferation assays {#S17}
----------------------------------------------------------

Freshly excised spleens and lymph nodes of mice were mashed, filtered, and resuspended in FACS buffer (1X phosphate buffered saline plus 2% fetal calf serum and 0.01% sodium azide). Red blood cells were lysed using ACK lysis buffer (Life Technologies). Cells were stained for 30 minutes at 4°C with a combination of either anti-B220, anti-CD5, anti-IgM and anti-CD19 or anti-IgG, anti-CD3e, anti-IgM and anti-CD19 antibodies, then stained with PE-p53, FITC-Bcl-2, FITC-Annexin V (Life Technologies) or fixed and stained with propidium iodide. IgG FITC and IgM PE Cy7 antibodies were obtained from Southern Biotech while all others were purchased from BD Biosciences unless noted otherwise. Only live cell populations were analyzed on the basis of a live-dead cell discriminator (7AAD, BD Pharmingen). Stained cells were then analyzed by flow cytometry using a BD Biosciences Accuri Cytometer. Data were collected for 10,000 events. For the *ex vivo* antigen challenge assays, splenocytes were harvested as above and were either untreated or stimulated with LPS (100 ng/mL, Sigma) or CD40 ligand (1 μg/mL, BD Biosciences) or anti-IgM antibodies (50 μg/mL, Southern Biotech) for 72h. All splenocytes were additionally treated with CFSE (Life Technologies) to trace cell division. Flow cytometry was performed and analyzed as mentioned above for B220, CD19, IgG, CD5, IgM markers.

Supplementary Material {#S18}
======================
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![Design and generation of a Cre-inducible MDM2-ALT1 transgenic mouse model\
**A.** The human *MDM2-ALT1* cDNA sequence was cloned into the pCCALL2 vector downstream of a β-geo cassette that is flanked by LoxP sites for recombination. Expression is driven by a CMV enhancer (gray box) and a chicken β-actin promoter (white box). Three downstream polyadenylation signals (3XpA) prevent transcriptional read-through. In the absence of Cre recombinase, only the β-geo cassette is expressed. When Cre is present, the β-geo cassette and polyadenylation signals are excised facilitating expression of the *MDM2-ALT1* transgene. **B.** NIH/3T3 cells were transfected with either the non-recombined pCCALL2*-MDM2-ALT1* (−Cre) construct or the recombined (+Cre) plasmids isolated from the BNN132 *Escherichia coli* strain. Expression of the MDM2-ALT1 protein from the transgene was confirmed by immunoblotting (MDM2 antibody AF1244). **C.** ES cells were electroporated with the pCCALL2*-MDM2-ALT1* construct, selected for G418 resistance, and subjected to β-gal staining. ES cells that were successfully electroporated stained positive confirming LacZ expression from the β-geo cassette. **D.** Southern blot analysis was performed using a radiolabeled probe against the 3XpA sequence to detect clones with single transgene integrations. We showed that seven ES cell lines (\*) are positive for the transgene integration event at a single site. **E.** To confirm that the inserted transgene maintained recombination competence at the genomic integration sites, the *MDM2-ALT1* lines expressing embryonal stem cells were electroporated with a Cre-expressing vector (+) or nonelectroporated (−). PCR for Cre-mediated recombination shows the expected 743 base pair product in BNN pCCALL2 *MDM2-ALT1* positive control (PC) and electroporated samples. **F.** Agouti pups bred from the chimeric founder mouse lines (F) for 1C8 and 2C12 were screened for the germline transmission of the transgene by PCR using primers specific for the *MDM2-ALT1* exon 3--12 junction and the polyadenylation sequence. Genomic DNA from a chimeric founder mouse served as a positive control. Mice carrying the transgene produced a 629 base pair amplicon.](nihms886418f1){#F1}

![MDM2-ALT1-expressing mice show decreased survival and increased rhabdomyosarcoma compared to control mice\
**A.** RT-PCR assay showing the expression of *MDM2-ALT1* in the heart (HE), brain (BR), liver (LI) and quadriceps muscle (QU) of experimental 2C12-MDM2-ALT1-positive mice, but not in the control MDM2-ALT1-negative mice. *Gapdh* expression serves as endogenous control. **B.** Graph depicting the tumor spectrum differences between primary malignancies of the control (*MDM2-ALT1*^−/−^; *Sox2-Cre*^+/−^; *p53*^−/−^, *n* = 11) and experimental mice (*2C12-MDM2-ALT1*^+/−^; *Sox2-Cre*^+/−^; *p53*^−/−^, *n* = 14) as determined by a comparative pathologist. 89% of the control tumors assessed were lymphomas. However, the tumor spectrum in experimental mice showed a greater proclivity for spindle cell sarcomas such as RMS (50%). One case of teratoma was also diagnosed. **C.** Kaplan-Meier curve showing that experimental mice (*2C12-MDM2-ALT1*^+/−^; *Sox2-Cre*^+/−^; *p53*^−/−^, *n =* 15) mice have an earlier onset of tumorigenesis and statistically significant decrease in viability compared to mice lacking the transgene (*MDM2-ALT1*^−/−^; *Sox2-Cre*^+/−^; *p53*^−/−^, *n* = 21, *p* = 0.0091 Gehan-Breslow-Wilcoxon test). **D.** Immunoblot showing expression of MDM2-ALT1 in three of four experimental tumors (rhabdomyosarcoma, RH; teratoma, TE), but not in the tumors of control mice (lymphoma, LY). The positive control (PC) for MDM2-ALT1 expression is lysate from MCF7 cells transfected with the MDM2-ALT1 expression plasmid. Gapdh serves as loading control.](nihms886418f2){#F2}

![Immunophenotypes of lymphomas and expression of muscle-specific markers in rhabdomyosarcomas of MDM2-ALT1 mice\
**A.** Immunohistochemical analyses of representative lymphomas from control (*MDM2-ALT1*^−/−^; *Sox2-Cre*^+/−^; *p53*^−/−^, female -- six months, top panel) and experimental (*2C12-MDM2-ALT1*^+/−^; *Sox2-Cre*^+/−^; *p53*^−/−^, male -- five months, bottom panel) mice. Hematoxylin and eosin staining (H&E) of a control spleen with lymphoma depicts lymphoid sheath and marginal/mantle zones, which are disrupted by neoplastic lymphocytes and surrounded by red pulp with extramedullary hematopoiesis. The majority of neoplastic cells display membrane staining for T cells (CD3) with multifocal lymphocytes in the splenic white pulp at the marginal/mantle zones retaining B cell (B220) immunoreactivity. Experimental thymic lymphoma shows strong cytoplasmic staining for CD3 and relatively few neoplastic lymphocytes staining for B220 (scale = 100 μm). **B.** Immunohistochemical analyses of representative RMS from two *2C12-MDM2-ALT1*^+/−^; *Sox2-Cre*^+/−^; *p53*^−/−^ mice (\#2039, 5-month male and \#2144, 2-month male). Myogenin plays an essential role in myogenesis and has been shown to be an extremely sensitive and specific marker for RMS ([@R50]). Alpha-smooth muscle actin has also been shown to be a reliable marker for RMS ([@R51]). Immunohistochemistry for myogenin and alpha-smooth muscle actin (SMA) shows no staining in normal muscle tissue and moderate to marked cytoplasmic staining in multifocal tumor cells. Desmin is a muscle-specific type III intermediate filament that has been shown to be a highly accurate marker for RMS, distinguishing it from other pediatric sarcomas ([@R49]). There is diffuse cytoplasmic immunoreactivity for desmin in normal skeletal muscle, and weak staining in multifocal tumor cells, with rare scattered tumor cells exhibiting marked cytoplasmic staining. Both 40x and 60x magnification is shown (scale = 50 μm).](nihms886418f3){#F3}

![MDM2-ALT1-expressing tumors show upregulation of phospho-MDM2 as compared to control mice lymphomas\
**A.** Immunoblot showing expression of factors in experimental tumors (*2C12-MDM2-ALT1*^+/−^; *Sox2-Cre*^+/−^; *p53*^−/−^ rhabdomyosarcoma, Rha; teratoma, Ter) as compared to control tumors (*MDM2-ALT1*^−/−^; *Sox2-Cre*^+/−^; *p53*^−/−^ lymphoma, Lym). Three out of four experimental tumors showed robust expression of phospho-MDM2 Ser394, whereas one out of three control tumors showed low baseline expression. Immunoblotting analysis was performed once inspecting 3 control and 4 experimental tumors. **B.** Immunoblot showing expression of proteins implicated in the pathogenesis of MDM2-mediated tumorigenesis in transfected cells from both mouse (C2C12, NIH 3T3) and human (MCF7) after 48 hours. Upon transient expression of MDM2-ALT1 (2ALT1), there is an increase in phosphorylation of MDM2 at Ser394/5 in all three cell lines as compared to LacZ (negative control) or mock transfected samples. β-actin was used as a loading control. Higher migrating bands of unknown origin (\*) in the p19Arf panel in both **A** and **B** are not phosphorylated or ubiquitinated forms of p19Arf.](nihms886418f4){#F4}

![Mice expressing *MDM2-ALT1* and heterozygous for *p53* show increased rhabdomyosarcoma and upregulation of phospho-MDM2 compared to control *p53* heterozygous mice\
**A.** Kaplan-Meier analysis shows no significant difference in life expectancy between control (*MDM2-ALT1*^−/−^; *Sox2-Cre*^+/−^; *p53*^+/−^, *n* = 11) and experimental mice (*2C12-MDM2-ALT1*^+/−^; *Sox2-Cre*^+/−^; *p53*^+/−^, *n* = 14, *p* = 0.6650 Gehan-Breslow-Wilcoxon test). **B.** Graph depicting the tumor spectrum differences between primary malignancies of the control (*n* = 4) and experimental mice (*n* = 7) as determined by a comparative pathologist. The most common malignancy in p53 heterozygous null animals is osteosarcoma. Our control mice displayed approximately 50% osteosarcoma, however the tumor spectrum in experimental mice showed decreased occurrence of osteosarcoma (14%) and a greater proclivity for RMS (43%). **C.** Tumors from four mice (histiocytic sarcoma, His; rhabdomyosarcoma, Rha; and osteosarcoma, Ost) were analyzed for protein expression and quadriceps muscles from each corresponding mouse (Quad) were used for comparison. All tumors show higher expression of MDM2-ALT1 compared to the normal muscle tissue, whereas increased expression of pMdm2 (S395) was RMS-specific. Higher migrating bands of unknown origin (\*) in the p19Arf panel are not phosphorylated or ubiquitinated forms of p19Arf.](nihms886418f5){#F5}

![Mice expressing MDM2-ALT1 in B cells exhibit increased incidence of lymphomas compared to controls\
**A.** Expression of *MDM2-ALT1* was confirmed in the spleens (B cells) of experimental mice positive for both the transgene and *CD19-Cre* alleles (*2C12-MDM2-ALT1*^+/−^; *CD19-Cre*^+/−^; *p53^+/+^*), but not in control mice negative for the *MDM2-ALT1* transgene (*MDM2-ALT1*^−/−^; *CD19-Cre*^+/−^; *p53^+/+^*). Importantly, skeletal muscle of the transgene positive mice where the CD19 promoter is not active, did not express *MDM2-ALT1*. Control reactions without reverse transcription are also shown (-RT) to detect for possible contamination. **B.** Kaplan-Meier curves show no difference in life expectancy between survival cohorts of experimental (*n* = 18) and control mice (*n* = 15, *p* = 0.2737 Gehan-Breslow-Wilcoxon test). **C.** Mice expressing MDM2-ALT1 (19/34 lymphoma positive; 56%) in B cells showed significantly higher incidence of lymphomas compared to MDM2-ALT1 negative mice (11/41 lymphoma positive; 27%) at 18 months of age (*p* = 0.0174 Fisher's exact test). **D.** Immunohistochemical analyses of representative splenic lymphomas from control (female -- 22 months, middle panel) and experimental (female -- 21 months, bottom panel) mice. For comparison, stained sections of a normal mouse spleen (*MDM2-ALT1^−/−^*; *CD19-Cre*^+/−^; *p53*^+/+^) are presented (male -- 21 months, top panel). Overall, the architecture of the spleen shows marked disruption by neoplastic lymphocytes, which are more atypical in the experimental lymphoma compared to the lymphoma from the control mouse and the wild-type spleen. B220-positive B cells are significantly lowered in comparison to the normal spleen and the control mouse lymphoma and only a few small aggregates are seen scattered in the red pulp and the white pulp nodules. Additionally, CD3-positive staining is observed throughout the white pulp nodules that have lost normal architecture as compared to staining in the periarterioral lymphoid sheath in the control lymphoma and wild-type spleen. F4/80-positive cells are mainly located in the red pulp surrounding the white pulp nodules with some scattered within the white pulp; a pattern similar to normal macrophage distribution in the spleen (Scale = 200 μm).](nihms886418f6){#F6}

![Transgenic mice expressing MDM2-ALT1 in B cells show significantly reduced populations of cells with B cell markers and defects in proliferation in spleens compared to controls\
**A.** Spleens of age-matched control (*MDM2-ALT1*^−/−^; *CD19-Cre*^+/−^; *p53*^+/+^) and experimental (*2C12-MDM2-ALT1*^+/−^; *CD19-Cre*^+/−^; *p53*^+/+^) mice were harvested at 18 months and the splenocytes were stained for B cell markers CD19, B220, IgG or IgM or T cell markers CD3e or CD5. Compared to MDM2-ALT1-negative control mice (*n* = 18) the MDM2-ALT1-positive experimental (*n* = 15) mice showed a statistically significant decrease in the population of cells expressing B cell markers but no changes in T cell population. **B.** Splenocytes isolated from control (*n* = 4) and experimental (*n* = 5) mice were labeled with a fluorescence marker, CFSE, and stimulated for 72 hours with lipopolysaccharides (LPS), CD40 ligand, or anti-IgM molecules. When stimulated with CD40, the *MDM2-ALT1* expressing experimental cohort showed a significantly lower proliferative response compared to splenocytes from control mice. The proliferating population was measured by gating for cells displaying low CFSE fluorescence intensity, indicative of dilution of the dye upon cell division. The percent proliferating population from each group was normalized to the respective non-stimulated control set (No stim). \* indicates *p* \< 0.05 in all cases as determined by Two-tailed Student's T test and error bars represent the standard error of the mean. **C.** Splenocytes from both control (*MDM2-ALT1*^−/−^; *CD19-Cre*^+/−^; *p53*^+/+^, *n =* 6) and experimental (*MDM2-ALT1*^+/−^; *CD19-Cre*^+/−^; *p53*^+/+^, *n =* 7) mice were isolated and stained for B cell (B220) and T cell (CD3e) markers, as well as a live/dead discriminator. Cells were then either fixed and stained for propidium iodide and analyzed by flow cytometry. B cells from experimental mice showed a significant reduction of cells in G2/M phase as to controls (*p* = 0.0435). \* indicates *p* \< 0.05 in all cases as determined by Two-tailed Student's T test and error bars represent the standard error of the mean.](nihms886418f7){#F7}
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